Abstract We describe the development, implementation, and first analyses of the performance of a debris-flow warning system for the Illgraben catchment and debris fan area. The Illgraben catchment (9.5 km 2 ), located in the Canton of Valais, Switzerland, in the Rhone River valley, is characterized by frequent and voluminous sediment transport and debris-flow activity, and is one of the most active debris-flow catchments in the Alps. It is the site of an instrumented debris-flow observation station in operation since the year 2000. The residents in Susten (municipality Leuk), tourists, and other land users, are exposed to a significant hazard. The warning system consists of four modules: community organizational planning (hazard awareness and preparedness), event detection and alerting, geomorphic catchment observation, and applied research to facilitate the development of an early warning system based on weather forecasting. The system presently provides automated alert signals near the active channel prior to (5-15 min) the arrival of a debris flow or flash flood at the uppermost frequently used channel crossing. It is intended to provide data to support decision-making for warning and evacuation, especially when unusually large debris flows are expected to leave the channel near populated areas. Firstyear results of the detection and alert module in comparison with the data from the independent debris-flow observation station are generally favorable. Twenty automated alerts (alarms) were issued, which triggered flashing lights and sirens at all major footpaths crossing the channel bed, for three debris flows and 16 flood flows. Only one false alarm was issued. The major difficulty we encountered is related to the variability and complexity of the events (e.g., events consisting of multiple surges) and can be largely solved by increasing the duration of the alarm. All of the alarms for hazardous events were produced by storms with a rainfall duration and intensity larger than the threshold for debris-flow
Introduction
Due to their large flow velocity, impact forces, and long runout distances, debris flows are one of the most hazardous landslide types in mountainous regions. In the Swiss Alps over the last 30 years an average of 17 damage-causing debris flows per year has been documented (Schmid et al. 2004) . They tend to occur during large regional storm events every few years. The cost of constructed mitigation measures is quite large, especially considering that Alpine communities are also threatened by other processes such as flooding, landslides, rockfall, and snow avalanches, indicating the need for low-cost measures such as alarm systems. In this paper we describe the development and performance of such an alarm system, which has been implemented at one of Switzerland's most active debris-flow torrents, the Illgraben (Rickenmann et al. 2001) .
A debris flow is a gravity-driven, fast-flowing mixture of water and soil debris in high concentration, with a flow behavior intermediate between floods and landslides (e.g., Iverson and Vallance 2001) , typically occurring in several surges. Debris-flow surges characteristically have boulder-rich fronts that are comparatively free of matrix soil debris (Pierson 1986 ) whereas the main body of the event is a finer mixture of liquefied soil debris. Debris-flow initiation requires an abundant source of unconsolidated regolith, steep slopes, and a source of moisture. Most commonly, moisture is from intense or prolonged rainfall, rapid snowmelt, or a combination of the two which produces significant water discharge and sediment entrainment on the channel bed. If sufficient soil moisture is present, debris flows can be generated by the mobilization of channel deposits or landslides (Costa 1984) . However, earthquakes and dam failures can also trigger debris-flow events.
Due to their sudden initiation, debris flows are difficult to predict (e.g., Sidle and Ochiai 2006) and even small events can endanger humans and infrastructure. Warning systems are foreseen to provide some degree of protection, mainly to prevent fatalities. Many systems have been developed for densely populated mountainous areas throughout the world. Recent examples are available from Canada (Jakob et al. 2006) , Italy (Bacchini and Zannoni 2003) , Taiwan (Chang 2003; Chen et al. 2005; Kung et al. 2008) , China (Brand et al. 1984; Zhang 1993) , and Japan (Hirano 1997; Itakura et al. 1997; Tanabashi 1998) .
In this article we illustrate the debris-flow hazard situation near an Alpine community at the Illgraben torrent. This site has been intensively monitored for debris-flow activity since 2000 (Hürlimann et al. 2003 ) and was selected for research partially because debris flows constitute a significant hazard for the community of Susten (municipality of Leuk). A multi-stage alarm system was developed (Graf et al. 2007 ) to allow adequate alerting for frequent small events and still provide reliable warning for infrequent large events. We describe the performance of the system for the small events for the first year of operation (2007) , discuss its limitations and describe planned developments, and identify the areas where further research is needed.
Debris-flow detection and alarm systems
Debris-flow detection and warning systems are in widespread use. Relatively simple systems that detect flows (e.g., Bacchini and Zannoni 2003; Chang 2003; Liu and Chen 2003) include a wide range of detection sensors such as geophones (ground vibration), ultrasonic and radar distance measuring devices (flow height), or microwave sensors (water table variation), and they may be linked to traffic lights or alarm signals to notify the authorities who are responsible for natural hazard management. The travel time between the initiation zone and the arrival of the front at a point of interest is typically much less than an hour. While trains, vehicles, and pedestrians can often be warned to leave or at least not enter an endangered area, a real-time monitoring system does not provide enough time for the evacuation of residents from such an area. Hence, there is the need for reliable prediction to provide early warning for all debris flows with a minimum of false alarms. Complete safety will never by guaranteed by such systems, which in general should be considered from a risk management perspective. However, risk management is not addressed in this paper.
Given that there are no internationally recognized definitions for warning and alert, we follow the Swiss regulations where warning or early warning is defined as timely information on a possible hazardous event, and alert is considered to be an acoustic (and visual) signal in case of immediate danger, with the goal to initiate a predefined reaction of the affected population.
Early warning systems for debris flows often combine rainfall forecasts and real-time measurements of precipitation, and typically use empirical rainfall thresholds for mass movement activity, which are ideally available for the region under consideration (e.g., Wieczorek 1987; Deganutti et al. 2000; Fan et al. 2003) .
The U.S. Geological Survey (USGS) in cooperation with the National Weather Service (NWS), operated one of the first experimental debris-flow prediction and warning systems in the San Francisco Bay area from 1986 to 1995 (Keefer et al. 1987; Wilson et al. 1993 ) based on rainfall thresholds established for this region (e.g., Cannon and Ellen 1985; Wilson and Wieczorek 1995) . This system relied on a combination of precipitation forecasts, rainfall measurements, and comparison with the empirical rainfall thresholds, which provided early warning times of at least several hours before the rainfall thresholds were exceeded. California is also subject to debris-flow activity on areas that have recently been burned by wild fires-a well-elaborated concept for such a warning system, including research needs, has been described in a report by the NOAA-USGS Debris Flow Task Force (2005) . The triggering rainfall events in this case are intense long-duration events for which the availability of accurate forecasts may increase the reliability of warnings in comparison to the very intense short-duration storms that often trigger Alpine debris flows (e.g., Berti and Simoni 2005; Gregoretti and Dalla Fontana 2007) .
The Geotechnical Engineering Office in Hong Kong installed a warning system for shallow landslides in 1977. Steady improvement led to a completely automated system for landslide forecasting based on short-term precipitation forecasts for the area (Chan and Pun 2004; Aleotti 2004) . In their system, data from more than 100 rain gauges, rainfall radar, and satellite images are used to monitor the weather situation. When the 1 or 24 h rainfall thresholds are exceeded, local broadcasting services begin transmitting regular warning messages to the public. Jakob et al. (2006) investigated the possibility of predicting the timing of debris flows along the British Columbia north coast to protect forestry workers and their equipment. However, the large degree of spatial variability and limited number of long-term measurements made it impossible to apply traditional methods. Therefore, a decision tree for landslide advisories was established including regional precipitation forecast, 4-week antecedent rainfall, and local 24-h rainfall data combined with a storm classification scheme. The resulting warning level indicates the degree of landslide susceptibility, thereby providing a support tool for the responsible parties.
These early warning approaches strongly depend on the quality of the forecast and predictive capability of the rainfall thresholds which are often imprecise, especially in alpine environments where short and local thunderstorms are likely to trigger debris flows.
The Illgraben catchment
The Illgraben catchment (area = 9.5 km 2 ), situated near the village of Susten (municipality Leuk) in the Canton of Valais, is characterized by a high degree of sediment transport and debris-flow activity (Figs. 1, 2) . Forty four percent of the catchment is covered by bedrock and debris deposits, 42% by forest, and 14% by grassland. The catchment ranges in elevation from the summit of the Illhorn mountain (2716 m a.s.l.) to the fan apex (850 m a.s.l.) to the outlet at the Rhone River (610 m a.s.l.). The main torrent channel (the Illgraben torrent) flows 3 km to the northeast through the active part of the catchment until the fan apex (through observation sectors 2 and 3 in Fig. 2 ) and an additional 2 km then north along the center of the fan (through sector 1). The mean slope of the entire Illgraben torrent channel is 9°(16%) decreasing to 10% downstream of the fan apex. The Illgraben debris fan is a prominent landform in the Rhone River valley with a radius of about 2 km and a volume estimated at 500 9 10 6 m 3 . The Illbach sub-catchment (east of the Illgraben torrent, not shaded in Fig. 2 ) is much less active and has a smaller channel, partially due to the fact that drainage in the upper part of the catchment has been diverted for hydropower, and no field evidence of debris-flow activity is evident. The eastern side of the fan is inhabited, with both year-round and vacation housing, a campground, and various other recreational facilities such as tennis courts and a football field. The village of Susten on the lower part of the fan is densely populated (*300 people/km 2 ). The riparian zones are used frequently by pedestrians and people on horseback. The western side of the fan is a natural area that attracts a large number of visitors every year.
The Illgraben catchment is the site of a debris-flow observation station operated by the Swiss Federal Institute for Forest, Snow and Landscape Research WSL (Rickenmann et al. 2001; Hürlimann et al. 2003; . Several flood and debris-flow events Fig. 2 Overview of the study area showing the location of the detection system at check dams 1 (CD1), 9 and 10 (CD 9 ? 10), the location of the rain gauges (RG), communication unit (CU), alert lights (red dots), observation sectors (OS), and observation points. The shading indicates the different observation sectors (OS1 in green, OS2 in blue, and OS3 in red). Map reproduced with the permission of Swisstopo (JA082265) Nat Hazards (2009) 49:517-539 521 are observed each year. We have recorded a wide variety of flow types ranging from granular debris flows (Fig. 3) to muddy debris flows, to hyper-concentrated flows and flood flows. All of these have been observed on video recordings to transport boulders with a mean diameter as large as the flow depth. Many of the floods occur as flash floods where the stage rises from zero to up to several meters within a few seconds or minutes. The largest documented event with a total volume of several hundred thousand cubic meters occurred on June 6, 1961 and caused considerable damage on the lower part of the fan (Figs. 4a, b) . Instrumentation along the lower-most 1 km of the channel includes geophones (for front velocity determination and system triggering), radar, laser, and ultrasonic devices to determine flow depth, video cameras, and a debris-flow force plate. The observation station is complemented by three rain gauges (presently owned and operated by the Cantonal government) that are situated in the catchment area on the flanks of the Illhorn mountain. Here, we use data only from gauge 1 (Fig. 2) because it is the most reliable one. As described in more detail below, the WSL debris-flow observation station is operated independently of the alarm system discussed in this paper.
The triggering mechanisms associated with the occurrence of debris flows in the Illgraben are not fully known yet due to the inaccessibility of the upper catchment. However, debris-flow initiation mechanisms are the topic of a newly funded project at the Illgraben and considerable progress in the understanding of these processes is expected. Taking into account these limitations, a few statements can still be made.
Based on historical evidence, the largest debris flows likely to take place at the Illgraben are associated with the rapid formation and catastrophic failure of lakes formed by landslides within the source area (or perhaps following exceptionally large rainfall events). The failure of such a dam is not directly connected to a certain type of rainfall event and can be caused by high-intensity short duration storms or long-duration precipitation with low intensities. This scenario probably led to the June 6, 1961 debris flow mentioned above, the largest historical event observed at the Illgraben. Other possible debris-flow triggering mechanisms in the upper Illgraben catchment (main channel or smaller side channels draining the north-west facing slopes of the catchment) include, sediment entrainment and bulking produced by runoff in rills and channels, transformation of shallow landslides including landslides forming within the channel bed, and the mobilization of channel sediment below a rock face that collects and concentrates runoff (cf. Godt and Coe 2007) . According to ongoing studies in the Illgraben as well as other studies in the steep Alpine environment (e.g. Gregoretti and Dalla Fontana 2007; Berti and Simoni 2005) , high-intensity short-duration burst rainfall is more likely to mobilize debris deposits in channels than low-intensity precipitation events. However, the formation of debris flows is also possible under intermediate or even low-intensity precipitation conditions (due to e.g., mobilization of small lateral landslides or after large landslides damming the channel as described above) and may be associated with snowmelt during the spring season.
Debris flows at the Illgraben can generally be grouped into small debris flows that remain entirely within the channel, large debris flows that may reach populated areas, and intermediate flows with limited overbank flow. Although other flow size criteria such as peak discharge or flow depth may be equally useful, for historical reasons (e.g., event data from the past) for the initial planning of the warning system we used event volume to differentiate between flows of different expected sizes.
Although a small debris flow does not overtop the channel banks, it still constitutes a hazard for people in or near the channel. This definition varies with time because the elevation of the bed, and therefore the capacity of the channel changes due to progressive deposition or erosion on the channel bed. Records of channel-bed elevation or channel capacity are generally unavailable, therefore the upper volume limit for small debris flows has been estimated using unpublished consulting reports at 75,000 m 3 . No flow has Large debris flows constitute a hazard for both the riparian zones and populated areas on the debris fan. Based on limited historical data (mainly one event in 1961), large debris flows are defined to have a volume of at least 250,000 m 3 . Geomorphic catchment observation, including estimating the capacity of the channel on the fan, is important for large debris flows because when the capacity of the channel is exceeded such flows may reach populated areas. Numerical simulations (described earlier) indicate overflow at the village of Susten and additionally near a campground and vacation houses (the Pletschen area, Figs. 1 and 2). As discussed above, large debris flows are probably associated with the rapid formation and catastrophic failure of landslide lake dams. Because it is impossible given current technology and available resources to predict their formation, it is unlikely that it will be possible to provide sufficient warning to initiate any evacuation plan unless the landslide dam is identified beforehand. Such events represent a residual risk that we cannot further reduce with the state of technology today.
The alarm system

Objectives and setup
A protection concept to reduce the debris-flow risk for the Illgraben was initiated in 1999. One aim is to incorporate several types of protection measures as recommended in the Swiss guidelines for flood control issued by the Federal Office for Water and Geology (now the Federal Office for the Environment). The alarm system, part of the protection concept, is intended to minimize the risk associated with debris flows until planned structural measures are completed, and to reduce the residual risk after construction. Alarm systems for debris flows in Switzerland are not yet widespread. Generally the communities are responsible for crisis management (e.g., the evacuation of buildings) at the local level. The responsibility for the generation and broadcasting of the warning and for the development and maintenance of the corresponding infrastructure is shared among the communal, cantonal and the federal levels. The management and maintenance of the local infrastructure of the Illgraben alarm system will become the responsibility of the community after completion of the project, by the end of 2008.
The alarm system presented herein is loosely based on the extensive experience in prediction, warning, and alarm systems for snow avalanches (e.g., Bründl et al. 2004) , which have many features in common with debris flows. The success of avalanche warning is due to a widespread awareness of avalanche danger, a well-designed observation and information system (including daily avalanche bulletins), and a significant correlation between weather conditions and avalanche triggering, enabling regional-scale prediction. Avalanche detection systems in some exceptionally hazardous initiation zones activate warning signals on roads and railway lines crossing the avalanche track, and are successful even though the lead time is only on the order of a few minutes (e.g., McClung and Schaerer 1993; Gubler 1996; Decker et al. 1997) .
Several differences between snow avalanches and debris flows make direct transfer of experience difficult. For example, for Alpine debris flows the triggering weather event is often short-duration very intense rainfall, which is difficult to predict. Nevertheless, some elements of the Swiss avalanche warning system are useful and are reflected in the four modules defined for the Illgraben alarm system:
(1) Organizational measures in the community: dissemination of information to tourists and residents, education (in the schools) on debris-flow hazards, compilation of alerting/alarm procedures (flow charts), and in a later stage the planning of active measures in the case of an expected large overbank debris flow. (2) Detection system: automatic alarm generation for hazardous floods and debris flows. (3) Catchment observation: systematic observation of the catchment including the compilation of a database of geomorphic changes. (4) Weather forecasting: improvement of local short-to medium-term precipitation forecasts as well as short-term radar-supported precipitation forecasts as a basis to assign an occurrence probability for debris flows.
The first three modules were implemented in 2006 and 2007. Within module 3 a progressively growing database of observations will permit analysis and support decision making, especially regarding events such as channel-blocking landslides. However, it will require a few years of data before it is useful. Module 4 requires a longer development time than the others; the long-term goal is to provide a basis for issuing warnings based on occurrence probability. The modules are described in more detail in the next sections.
Organizational protection measures
Permanent organizational measures
This module aims to create awareness among the local population and tourists. During the debris-flow season (April to October) pedestrians crossing the Illgraben torrent channel and entering the channel bed expose themselves to a non-negligible risk. Flow events can occur at any time, also when there is no precipitation (e.g., during snowmelt) or when the precipitation is limited to the uppermost part of the catchment such as during a thunderstorm. Although residents are largely aware of the correlation between heavy rainfall and debris flows because the vibrations can be felt in parts of the village, the channel riparian zones are heavily used and are also frequented by tourists. April to October is the main tourist season. Due to the large and popular forested nature reserve covering the western part of the debris fan, hiking, cycling and horseback riding are quite common activities. To inform these people warning signs were installed on average every 200 m along both sides of the channel from the fan apex to the confluence with the Rhone River. The signs indicate the risks related to the crossing of the channel bed and advise leaving the channel bed as quickly as possible. The text is in the five languages most frequently used by tourists and local residents, German, French, Italian, English, and Dutch. At three frequently used crossings, optical and acoustic alert signals were installed which are activated by the detection system described below. The travel time of a debris flow from the upstream-most detection unit to the first alert installation ranges from 5 to 15 min depending on the properties of the flow. In addition, all new channel bed crossings are regularly made impassable by municipal workers. Nat Hazards (2009) 49:517-539 525 An information-dissemination concept has been established within the project. Many of the visitors can be informed through the local tourism industry. Within this module of the project, tourists are to be addressed using flyers distributed by the operators of the tourist infrastructure. Annually at the beginning of the debris-flow season the local newspaper reports on the debris-flow events of the previous year and reminds the readers of the risk associated with lingering in the channel bed. The local primary school holds information events and field visits regularly.
Organizational measures in the case of an event
In the case when large debris flows are expected, such as an unusually large approaching storm system or the occurrence of a new landslide dam in the initiation area or low channel capacity, sufficient time is available to implement organizational mitigation measures. At the Illgraben, local decisions are made by the Municipal Crisis Unit with support from the Cantonal Crisis Unit of the Canton of Valais (French acronym CERISE). Large-scale weather patterns are observed and analyzed by CERISE. In case of an approaching critical weather situation or following a meteorological warning from the Swiss national weather service, MeteoSwiss, CERISE closely analyses the weather, and if the situation deteriorates and intense precipitation is expected, they issue a storm warning. Based on the weather data and the information available on the current hazard status of the catchment, the Municipal Crisis Unit will assess the situation and decide on the measures to be taken (e.g., evacuation of buildings, closing of roads). Predefined and pre-exercised scenarios may guide the Municipal Crisis Unit in their work which is however very much situationoriented. Their success in dealing with the crisis consequently depends on the personal experience of the members and on the reliability and quality of the weather forecast, an issue addressed below.
The link between the Illgraben alarm system and the Municipal Crisis Unit is formed by the Illgraben Security Commission (including catchment observers), who operates the alarm system, performs the catchment observation, maintains the detection system, and is responsible for the information-dissemination concept. In case there is no remarkable change in the catchment, the Illgraben Security Commission runs the alarm system independently. When the geomorphologic situation in the catchment changes they ask a local geologist to evaluate the situation. If the situation is deemed hazardous, the Municipal Crisis Unit is activated.
Debris-flow detection
General observations and setup
The alarm system was designed to provide a rapid and reliable alert and reporting of debris-flow occurrence. The system includes redundant sensors and sends a daily email that can be used to identify if the system has malfunctioned. The alert system uses the public mobile phone network (GSM) for communication and data exchange. This system is reliable enough that it is used by many fire departments for paging emergency workers, and it has performed flawlessly since the start of our debris-flow observations in Switzerland (in 2000). To maximize the time available for response, the sensor system was installed as far upstream as possible yet within range of the GSM network, at a location where all debris flows pass (at check dams 9 and 10, see Fig. 2 ). An additional detection point is located on the upstream-most check dam (check dam 1), but this location is less reliable due to the short duration of direct sunlight for the solar panel which charges the batteries, weaker GSM signal, and rockfall hazard.
Detection sensors
Experience with debris-flow detection sensors has been acquired by the WSL through the installation and maintenance of four debris-flow observation stations (e.g., Hürlimann et al. 2003) . Since 2000 we have successfully collected data from more than 30 debris flows or hyper-concentrated flows as well as normal floods at the Illgraben. The distinction between debris flow and hyperconcentrated flow is gradational, with debris flows having a larger (measured) bulk density and little or no water visible at the flow front (e.g., ). Both flow types may have a sediment-rich front with boulders as large as or larger than the flow depth, and both may travel at up to several meters per second and therefore are equally dangerous, so both are considered in our system. Although other sensors are available, we have extensive experience with ground movement sensors (geophones) and flow depth sensors (e.g., ultrasonic and radar sensors) which have been demonstrated to be reliable at the Illgraben. Both have been frequently used at other debris-flow observation stations as well (Arattano 1999; Genevois et al. 2000; Itakura et al. 2005; Marchi et al. 2002) , and both have been installed here as described below.
The warning system is completely independent of the existing debris-flow observation station due to differences in the ownership and objectives (e.g. the warning system must be reliable and robust and the observation station has to be more precise and often new sensor technologies are tested there). We installed geophones (Geospace Technologies, model GS-20DX) bolted to the concrete at check dams 1, 9, and 10. The check dams (see Fig. 3 for a typical example) are always in contact with the flow because the flow accelerates as it passes over the brink, hindering deposition unless the check dam is buried due to sedimentation, for example during backwater effects originating from downstream. For this reason, the arrival of a debris flow can be accurately determined as the boulders at the flow front roll or slide over the check dam and activate the geophones. The analog signal from the geophone is digitized at the geophone for filtering and to reduce the data volume. The number of impulses per second and their duration is extracted from the analog signal, with an impulse defined here as the output voltage exceeding an empirically determined threshold. The sensor system at check dam 1 (Fig. 2) sends a first alarm and activates the flashing alert lights and acoustic signals on the fan area downstream. In case a flow is not detected at check dam 1, a first alarm can also be issued from check dams 9 or 10 if the sensor thresholds are exceeded. The initial alarm duration was initially set to 20 min, corresponding to the expected travel time of a typical debris flow from the detection point to the end of the channel at the Rhone River. During an alarm, the sensor status is checked every 5 min; without a confirmation of the alarm from the sensor system at check dams 9 and 10 (or check dam 1), the alerting devices are deactivated after 10 min of belowthreshold sensor values. This could happen in case of false alarms caused by ground vibrations due to thunderstorms, earthquakes, rockfall, and similar processes.
Three instruments for measuring flow depth, ultrasonic, laser, and radar distancemeasuring devices have been tested at our observation stations. Ultrasonic sensors are troublesome because under conditions of rapidly changing flow depth and splashing on the surface of the flow they sometimes do not return a signal (Hürlimann et al. 2003) . Laser sensors provide high-quality data for debris flows (e.g., ), but do not provide a useable signal for flood or hyper-concentrated flows. Radar sensors have a builtin smoothing algorithm that provides a stable signal under conditions of rapidly changing Nat Hazards (2009) 49:517-539 527 flow depth or splashing on the surface of the flow, but the signal is delayed by a few seconds and changes in surface elevation are smoothed in comparison with laser sensors, making them somewhat less useful for research but reliable for warning. Therefore, we decided to use radar sensors for this project. In general, we install them just upstream of the crest of a check dam because the bed elevation does not change significantly during a debris flow, as discussed above, thereby avoiding inaccuracies in determining flow depth arising from basal erosion or deposition. For the debris-flow detection system we installed two radar sensors (Vega, model Vegapuls 68) at the same cross section (check dam 10, see Fig. 2 ). The two-sensor arrangement (Fig. 5 ) is intended to minimize problems related to the fact that individual large boulders sometimes become temporarily lodged just upstream of the crest of a check dam during periods of decreasing flow surface elevation; smaller but still hazardous flows may travel around rather than over the boulders. In practice, a debris flow is detected if the geophone signal indicates more than a predefined number of impulses in each second for more than 5 s, and/or the flow depth exceeds a predefined increase in height for more than 5 s, so the shortest possible detection-to-alert time is 5 s (and additionally a few to a few tens of seconds for transmission). When the thresholds are exceeded, the detection installations send signals to the event-evaluation processing unit, installed at the community offices, which in turn Fig. 5 The two radar sensors at check dam 10 (Fig. 2 ) that measure flow depth as part of the detection system (downstream view) activates the lights and alert sirens and sends text messages, emails, or pager signals to the decision makers in the community. If one of the sensors in the detection system registers signals outside the plausible predefined limits, that information is also sent to the municipal crisis unit manager. In the absence of the daily status email, it can be assumed that the station should be inspected and repaired and that observers should be sent into the field in critical weather situations.
Catchment observation
The main goal of the third module in the alarm system, catchment observation, is to identify new hazardous conditions that could lead to unusually large debris flows or to flows that are capable of leaving the channel near populated areas. To facilitate these observations, the catchment was divided into three sectors: the catchment upstream and upslope of check dam 1 (observation sector 3 on Fig. 2) , the channel corridor between the fan apex and the uppermost check dam (check dam 1 on Fig. 2; sector 2) , and the channel on the debris fan downstream of the apex (observation sector 1 on Fig. 2 ). This spatial division allows for an efficient evaluation of the current state of the entire catchment and is safe for the observers because the lower catchment (sectors 1 and 2) is easily accessible and most of the upper catchment (sector 3) can be seen from one of several lookout points (Fig. 2) .
The Illgraben is an exceptionally active catchment and there are many processes that could lead to a considerable change in the potential for damage-causing debris flows. The discharge-carrying capacity of the channel on the debris fan itself (sector 1, Fig. 2 ) is variable in space and time. The difference between the top of the bank and channel bed largely determines the discharge capacity along the channel at any given time. Some channel reaches downstream of the fan apex have a mean slope angle of only 6°(10%), and it is possible that these areas could become the depositional sites and thereby decrease the local capacity of the channel (as was observed in 1995), making it more likely that subsequent flows could leave the channel and flow into adjacent inhabited areas. In some places the channel banks are relatively narrow and could be undermined by toe erosion during streamflow, leading to bank failure and breaching. Landslides have the potential to block the channel which may create temporary reservoirs which may fail and generate large debris flows (sectors 2 and 3, Fig. 2 ). Such a scenario probably led to a very large debris-flow event on June 6, 1961 (Figs. 4a, b) . Earlier that year a large rock avalanche with a volume of 3-5 9 10 6 m 3 occurred in the upper catchment and blocked the torrent channel (Hürlimann et al. 2003) . In 2001 a rock avalanche with a volume on the order of 100,000 m 3 created a small lake which was mostly filled with sediment and did not catastrophically fail. It is also conceivable that large landslides, especially in the steep sediment-filled torrents draining the north face of the Illhorn, could be generated during an unusually large rainfall event and mobilize directly into a debris flow, or could be mobilized by torrential flooding and transform into a debris flow. Therefore, the general degree of sediment availability in torrential side channels (sector 3) is also of interest and is observed. The infilling of these torrent channels with sediment and their subsequent flushing is currently being addressed as part of an independent research project.
In all the three observation sectors, the site assessment is carried out by trained observers from the community using a form that is completed in the field and later entered into the IFKIS-Hydro database that is designed to assist data transfer in the case of storm or other crisis events (Romang et al. 2007; Rhyner and Hegg 2006) , ensuring that the data are always available to the local project manager. Site observations are carried out monthly Nat Hazards (2009) 49:517-539 529 along the channel reaches (sectors 1 and 2) and fortnightly from the lookout points (sector 3). In addition, observations are scheduled after every debris flow detected by the alarm system.
Potential application of precipitation forecasts
Meteorological forecasts allow for a significant increase of advance warning time but constitute one of the most challenging elements in the entire warning system concept. Forecasts must provide sufficiently detailed spatial and temporal resolution, and quantitative correlations between measurable meteorological parameters and the forecast has to be established. Meteorological precipitation can be divided into front-type and thunderstorm-type events. Front-type events, due to the relative spatial homogeneity, allow for local forecasts up to several days in advance. In contrast, thunderstorm forecasts are considerably more difficult, especially over complex mountainous topography and are presently possible for approximately 1 h before an event. MeteoSwiss regularly issues thunderstorm warnings; the WSL provides feedback on forecast versus observed storms, which in the long term may assist them in improving the reliability of thunderstorm forecasting models. Until more accurate long-term thunderstorm forecasts become available, improvements can be achieved by both the development of empirical thresholds with a systematic comparison between the observed and the forecasted evolution of the precipitation and by improved local radar coverage so that decision makers can better track storm cells and compare forecast information. Unfortunately radar coverage in the Illgraben region is not yet optimal because the resolution is coarse (Litschi 2005) . However a new research radar installation in the region is soon expected to become operational and may increase the coverage of the region and therefore the accuracy of thunderstorm forecasts.
The correlation between the properties of rainfall and debris-flow initiation has been clearly identified both at a local scale (e.g., Deganutti et al. 2000; Berti and Simoni 2005) and at a global scale (e.g., Caine 1980; Innes 1983 ) and is often parameterized using rainfall intensity and duration. A comprehensive summary and comparison of rainfall thresholds and their range of applicability, stratified by region and event type (e.g., shallow landslide, debris flow, etc.) is available in Guzzetti et al. (2007 Guzzetti et al. ( , 2008 . Based on the available precipitation records from 1996 to 2000 at the Acquabona catchment, Berti and Simoni (2005) present a rainfall duration-intensity chart subdivided into several domains. Each storm event is classified in terms of hydrologic response in the debris-flow initiation area: (i) no catchment response, (ii) fast subsurface stormflow, and (iii) debris-flow triggering after surface runoff occurrence. Furthermore, two threshold lines are illustrated separating the rainfall events that produced similar response.
For the Acquabona catchment, this separation is very distinct because only very intense, typically short rainstorms lead to hydrologic conditions eventually leading to surface runoff formation and debris flows. Above the rainfall intensity-duration debris-flow threshold line, only storms that have caused debris flows have been observed between years 1996 and 2000. This situation is particularly favorable for hazard forecasting and warning because it potentially enables procedures with short advance warning times, and yet high reliability (low false alarm ratio). However, these results must be extensively tested under other hydrological and geological conditions before they can generally be applied to other catchments.
Unfortunately, many alpine torrents such as the Illgraben and the Moscardo (Deganutti et al. 2000) have more spatial variability and the response to rainfall is therefore less unique than at the Acquabona catchment. Perhaps individual sub-basins respond in a predictable way but the net result is more complex; in any case the density of rain gauges at the Illgraben is insufficient to explore this possibility. Although intensive storms of short duration are likely to trigger a debris flow, this is not always the case . During the snowmelt season (e.g., through June) large amounts of soil moisture are present, so a relatively small rainfall event may initiate a debris flow. Even though rain gauge 1 (Fig. 2) is located near the main initiation area, only *50% of the rainfall events exceeding the empirical duration-intensity threshold cause debris flows that reach the populated areas indicating that other factors such as antecedent soil moisture, sediment availability, local topography, soil development and initiation process type (e.g., Godt and Coe 2007; Gregoretti and Dalla Fontana 2008) may also be important. In the Moscardo catchment, for 9 years of rainfall data and 15 debris flows, Deganutti et al. (2000) found that only *35% of rainfall events exceeding the rainfall intensity-duration threshold actually produced a debris flow that reached the basin outlet. However, at the Moscardo the rainfall data are only reported for 60-min intervals, which may not adequately reflect very intense but short-duration rainfall events that may trigger debris flows. The implications of these observations for warning include the increase in the chance of false alarms and a subsequent desensitizing of the community to the problem, thereby impeding the benefits of a warning system based solely on meteorological forecast and rainfall threshold data.
If sufficient resources are available, one comprehensive warning option would be to combine local (e.g., Illgraben) threshold curves along with local radar-supported precipitation model forecasts to both extend the advance warning time and the reliability of debris-flow forecasts, similar to what has been proposed in Southern California (NOAA-USGS Debris Flow Task Force 2005). Because of the large initial investment, such a system may only be economically viable if the forecasts can be widely applied to other hazardous situations in the region covered by the radar.
Discussion
Performance of the detection network
Due to the rapid travel time and high frequency of events, our initial focus was to minimize the delay between detection and alerting while ensuring a very low proportion of false alarms. The alert system was installed at the beginning of the 2007 flow season and issued 20 alarms. In this paper we analyze only the hazardous events (Table 1) as described below. A comparison with the separate Illgraben research observation station (discussed earlier) provides an opportunity to evaluate the performance of the detection network and the results may be of interest to others designing similar systems. The main practical goal of this evaluation is to provide a basis for the optimization of the system: to reduce the proportion of unnecessary alarms while still detecting every hazardous event. Because no large debris flows (e.g., flows that overtopped the channel banks) were observed, the discussion here will focus on the detection system and a more comprehensive evaluation of the entire system, including the catchment observation, will be made after sufficient experience has been gained.
Overall the detection system performed satisfactorily, detecting every debris flow and all large flood flows that reached the detection point (Fig. 2) . With only one exception, a false alarm triggered by the geophone at check dam 1 (perhaps caused by rockfall), the which do not constitute a significant hazard, indicating that the detection thresholds should be adjusted to minimize unnecessary alarms. However, the detection of such events is not considered to be a major problem which could de-sensitize the local population to the alarms, as could occur in the case of many false alarms. While type A floods are hazardous for children, the organizational protection measures (described earlier) include education in the schools to sensitize children about the dangers involved in entering the channel. The flow depth boundary between type A and larger events (listed in Table 1 ) can be interpreted in terms of the likelihood of a person being able to safely wade across the channel when water is flowing. Laboratory experiments indicate that humans of a variety of different weights and heights are capable of wading in rivers if the product of velocity (in m s ) and flow depth (in m) is less than approximately 1 m 2 s -1 (Abt et al. 1989) . Our estimate based on the back-calculated Manning's n value for a large flood at the Illgraben (Manning n = 0.07) and the mean channel slope of the channel on the fan (slope = 0.1) indicates that the maximum wadable depth is on the order of h = 0.4 m. However, the subjects in the aforementioned experiments were adults and their perception of safety was probably enhanced by the presence of security ropes, so our value of h *0.25-0.3 m is reasonable given the uncertainties in the properties of the flow and the topographic variation in flow depth at a channel crossing.
The remaining nine alerts were all initiated by events capable of endangering the life of a person in the channel: three debris flows (type D), three large flood or hyperconcentrated flows (type C), and three medium-sized floods (type B). In six of the nine hazardous events the timing of the alarm was satisfactory (see Sect. 4.3): the flashing-light signal started at all three alert points at least several minutes before the arrival of the debris flow front or before the rapid stage increase during floods observed at check dam 27 (where we have data from the independent observation station). The remaining three alarms were of insufficient duration: the alarm turned off too early, meaning that there is a chance that the alert light would stop before the arrival of a flow front at the downstream end of the channel (Table 1) . Unfortunately, we do not have independent data for the upstream-most alert station (Pletschen, see Fig. 2 ), and given the expected spatial changes in velocity as the channel geometry varies, it is difficult to independently and accurately estimate the arrival time of fronts at this location.
The three cases with insufficient alarm duration generally reflect the complexity of natural events. In the case of slow, granular debris flow (Table 1 : July 21, 2007 first surge; Fig. 6 ), the alarm turned off before the surge arrived at the downstream end of the channel because the surge was much slower than expected in the initial design. Multi-surge events are also common: when the first surge is a debris flow, the likelihood of a person attempting to cross the channel bed by foot or on horseback after the alarm has switchedoff is low due to the significant accumulations of partially fluidized muddy sediment on the channel bed and banks (e.g., July 21, second surge; Fig. 6 ). The problem is perhaps most acute when the first surge is a relatively small flood which leaves no significant muddy deposits in the channel and the second surge is a substantially larger flow (e.g., May 28): a person may be tempted to cross the channel after the alert lights stop flashing following the first flood but before the larger surge arrives. In general such cases can be readily solved, for example, simply by extending the duration of the alarm or by installing additional detection stations further downstream.
Comparison with rainfall data
In a separate analysis of debris-flow activity and rainfall data from rain gauge 1 (Fig. 2 ) situated several hundred meters from the initiation zone, a rainfall intensity-duration threshold was identified, above which debris flows may be expected and below which debris flows have not been observed 
, where I df = mean rainfall intensity (mm/hour) until a debris flow is triggered, and D df = rainfall duration (hours) until a debris flow is triggered. This relationship was observed for 0.3 \ D df \ 21 h. To this end, 10-min rainfall data were summed (until the independent debris-flow observation station detected a debris flow) to establish the event precipitation P E . Note that P E is preceded by 6 h without more than a trace (one 0.1 mm signal) of rainfall.
A comparison of that threshold and the rainfall data for 2007 (Fig. 7) indicates that all hazardous events (e.g., event types B, C, and D described above) lie above the threshold line. Additionally, most of the non-hazardous (type A) events also plot above the threshold. In the three cases where one rain storm (by this definition) produced more than one alarm, the second alert is considered herein to have ''inherited'' precipitation from the previous alert. These second alerts are all type A events and are depicted (Fig. 7) as surrounded by a square. The Illgraben may be a special case because sediment delivery from the catchment appears to be limited by the availability of water rather than sediment (Schlunegger et al. in press ). However, in one case a debris flow triggered by a storm that lies just above the threshold (June 15, 2007) was followed 10 days later by a larger storm which resulted in only a large flood (type B) event, suggesting that the source area may have been depleted of sediment. Unfortunately, this hypothesis is not yet testable because the Illgraben has at least three distinct initiation areas, and we cannot determine which source area or areas were activated by these storm events. A few more years of data will be necessary before the rainfall threshold curve can be considered to be a reliable predictive tool. If validated for warning, the information from a rain gauge (within the catchment) could be integrated into the warning system, and forecasts of rainfall intensity could be used for planning purposes (e.g., evacuation plans) in a hazardous case such as a rainstorm approaching the catchment shortly after the formation of a large landslide-dammed lake in the initiation zone. Two major concerns for applying rainfall-duration thresholds in Alpine catchments are the presence of snowmelt which may produce saturated soils which may fail at subthreshold rainfall conditions, and the elevation of the rain gauge in the source area when the temperature is close to zero which may result in recording no rainfall (e.g., snow) when at lower elevations in the source area the rainfall may be sufficient to trigger an event. Snowmelt was a factor in one-third of the events in 2007 (Table 1) .
System integration
Perhaps the main problem with the overall alarm concept is that the modules are not yet fully integrated into a self-sustaining system capable of being operated by non-researchers: many research questions and practical issues need to be solved beforehand. Rainfall forecasting (module 4), for example, especially in the case of a new hazardous situation in the upper catchment such as a new landslide blocking the main channel, is a current research topic. The reaction time of people in or near the channel is assumed to be short enough that they can leave the endangered area after an alert is issued; the reaction time of the community crisis center following a warning is yet to be investigated.
Another problem is how to objectively integrate the observer data into the decisionmaking process. At a minimum the observer network concept has sensitized authorities Table 1 lie above the threshold line. Additionally, most of the non-hazardous (type A) events also plot above the threshold. Three type A events are enclosed by a square symbol, indicating inherited rainfall as described in Sect. 5.2 about the importance of geomorphic processes in the upper catchment that could influence the potential for an increase in the likelihood of a large debris flow. Changes in the elevation of the channel on the fan also influence the potential for overbank flow; however, there is not yet a method that can be used to relate observations of channel bed to the potential for overbank flow at the Illgraben. It is therefore important that the current state of awareness be maintained, especially through staffing changes in the community crisis center, and that the system remains flexible enough so that new process knowledge can be incorporated into the decision-making processes.
Finally, our understanding of the debris-flow processes remains incomplete. Until now very large debris flows have only been observed in the case of dam-break initiation. It is possible that extremely large events could also be generated under other conditions, such as an unusually large frontal storm during the snow-melt season, or the mobilization of an exceptionally large landslide in the upper catchment. At the moment such not-yet observed processes have to be considered as a residual risk.
Conclusions and outlook
A warning system for debris flows and large flood flows (in many cases flash floods with large front velocities) was designed and implemented at the Illgraben catchment and consists of modules for organizational measures in the community, event detection and alerting, geomorphic catchment observation, and weather forecasting. This system provides automated alert signals near the active channel just before (5-15 min) the arrival of a hazardous event at the uppermost frequently used channel crossing, and it is intended to provide support in the event of large debris flows that are capable of leaving the channel and reaching populated areas.
After the first year of operation, it was possible to evaluate the performance of the debris-flow detection module, which provides alerting in the form of flashing lights and sirens at channel crossings where pedestrians may attempt to cross the channel. The results indicate that the detection and alert part of the system functions well, with 20 automated alarms at all major footpaths crossing the channel bed for three debris flows, three large floods, three medium-sized (hazardous) floods, and 10 small floods. Only one false alarm (e.g., no increase in stage was observed following the alarm) was issued. The major difficulty encountered is related to the large degree of variability and complexity of the events, which will be largely solved by increasing the duration of the alarm. In comparison with rainfall data, all the alarms for hazardous events (flows with a depth larger than *0.25-0.3 m) were produced by storms with a duration and intensity larger than the initiation threshold for debris-flow activity that was defined in an earlier study at the Illgraben .
Large debris flows that leave the channel are only expected in the case of the rapid emptying of new landslide-generated lakes in the upper catchment or in the case of a failed or breached levee or reduced channel conveyance capacity in the channel on the populated debris fan. Observers have been trained to identify such changes, but no unusual activity was observed in the first year of operation. The comparison of the alarm data with the rainfall information suggests that the rainfall forecasts could be used to provide some degree of pre-rainfall warning to evacuate people in the hazard zone in the event of a new hazardous situation such as the formation of a large valley-blocking landslide in the debrisflow initiation area, as was observed in 1961. Additional applied research and data on weather forecasting, including summer thunderstorms, and rainfall thresholds for debrisflow initiation are necessary.
The experiences gained at the Illgraben catchment also support a larger applied research program in Switzerland for natural hazards, IFKIS-Hydro (Romang et al. 2007 ), which provides real-time observation data for hazard-crisis managers during storm events to support their decisions.
